Infection of dendritic cells (DC) by human immunodeficiency virus (HIV) has been disputed. Employing a fluorescence-activated cell sorter, DC, identified by the absence of membrane markers for T, B, natural killer (NK) and monocytic cells and by high levels of MHC class II DR antigen, were shown to express low levels of CD4. Immunomagnetic beads were used to separate blood low density cells, which are enriched for DC, into CD4-positive and -negative populations. Examination of these cells by electron microscopy showed an increase in the percentage of cells with DC morphology in the CD4-positive fraction and a reduction in the CD4-negative fraction. Electron microscopy of semi-purified DC preparations infected in vitro for 5 days with HIV-1 revealed morphologically distinct veiled DC with mature virions on the cell surface and virus budding through the cell membrane. Further evidence for the growth of HIV in DC was provided by experiments in which DC were extensively depleted of contaminating lymphocytes and monocytes prior to infection. Estimation of provirus load by a nested PCR indicated that after 5 days an infection level of one provirus copy per five cells could be achieved. After 7 days the provirus copy number could exceed the cellular genome copy number, suggesting that some cells had more than one provirus. Infectious virus could not be demonstrated in these cultures after 24 h but was detected after 5 or 7 days. Infection of DC in the presence of antibodies against CD4 was inhibited and suggests infection occurs via a CD4-dependent pathway. These results confirm that DC are susceptible to HIV infection in vitro. The immunological consequences of DC infection in vivo may be significant in the pathogenesis of AIDS.
Infection of dendritic cells (DC) by human immunodeficiency virus (HIV) has been disputed. Employing a fluorescence-activated cell sorter, DC, identified by the absence of membrane markers for T, B, natural killer (NK) and monocytic cells and by high levels of MHC class II DR antigen, were shown to express low levels of CD4. Immunomagnetic beads were used to separate blood low density cells, which are enriched for DC, into CD4-positive and -negative populations. Examination of these cells by electron microscopy showed an increase in the percentage of cells with DC morphology in the CD4-positive fraction and a reduction in the CD4-negative fraction. Electron microscopy of semi-purified DC preparations infected in vitro for 5 days with HIV-1 revealed morphologically distinct veiled DC with mature virions on the cell surface and virus budding through the cell membrane. Further evidence for the growth of HIV in DC was provided by experiments in which DC were extensively depleted of contaminating lymphocytes and monocytes prior to infection. Estimation of provirus load by a nested PCR indicated that after 5 days an infection level of one provirus copy per five cells could be achieved. After 7 days the provirus copy number could exceed the cellular genome copy number, suggesting that some cells had more than one provirus. Infectious virus could not be demonstrated in these cultures after 24 h but was detected after 5 or 7 days.
Introduction
Peripheral blood dendritic cells (DC) belong to a lineage of bone marrow-derived cells that have different morphologies and are located at various anatomical sites (Fossum, 1988; Pugh et al., 1983; Steinman & Cohn, 1973; Van Voorhis et al., 1982) . Langerhans' cells of the skin, veiled cells of the afferent lymphatics and interdigitating DC which lie in the T cell-dependent areas of the lymph nodes belong to this group. These cells constitutively express MHC class II antigens and can present antigen to helper T lymphocytes. Functionally, DC differ from cells of the macrophage family in that only DC can present antigen to naive T cells (Inaba & Steinman, 1984) and macrophages, although able to stimulate secondary immune responses, are less effective than DC (Macatonia et al., 1991) .
Evidence for the susceptibility of blood DC to infection with human immunodeficiency virus (HIV) was * Author for correspondence. Fax +44 0181 869 3532. e-mail spatters@hgmp.mrc.ac.uk first shown by electron microscopy (Patterson & Knight, 1987) . Subsequent investigations with HIV-infected individuals indicated that their DC were infected, as assessed by in situ hybridization, and impaired in their ability to stimulate T cell proliferation (Macatonia et al., , 1992 Patterson et al., 1990) . Despite independent confirmation of the original in vitro studies (Langhoff et al., 1991; Chehimi et al., 1993) , the susceptibility of DC to HIV infection has been questioned (Cameron et al., 1992a, b) . Altered signalling to T cells, due to loss and dysfunction of DC in HIV-infected individuals, would impair the recruitment of naive T helper cells into the memory pool and thus contribute to the progressive decline in CD4-positive lymphocytes. In view of the potential relevance of DC infection to the pathogenesis of AIDS, the susceptibility of these cells to infection with HIV has been further investigated. (a) . A population of cells expressing high levels of DR but which were negative for markers for other cell types [indicated by the gate in (b)] were analysed for CD4 expression with an FITC-labelled antibody and compared with LDC labelled with an FITC-conjugated isotype control antibody (c). Both histogram plots have been' smoothed' using the FACSTAR analysis software. For control and experimental samples 10000 and 50000 events, respectively, were analysed. The gated area in (b) which was analysed for CD4 in (c) contains approximately 4600 events.
centrifugation over Ficoll and then incubated overnight on plastic. Low density cells (LDC) were isolated from the non-adherent fraction by centrifugation over metrizamide (13.7% w/v). LDC preparations contained 20-50 % DC as assessed by light microscopy; the remaining cells were mainly monocytes and 10% or less were lymphocytes. For PCR experiments, DC were further purified from LDC prior to infection by panning to remove monocytes, B, T and natural killer (NK) cells with antibodies to CD 14, CD 19, CD3 and CD56. Antibodylabelled cells were removed on flasks coated with goat anti-mouse Ig (MicroCellector flasks; AIS).
Fluorescence-activated cell sorter (FACS) analysis. LDC were used to look for the expression of the HIV receptor, CD4 (Dalgleish et al., 1984; Klatzmann et al., 1984) on DC by FACS analysis. Cells were simultaneously labelled with (i) a cocktail of phycoerythrin (PE)-conjugated antibodies directed against monocytes/macrophages (CD14), T cells (CD3), B cells (CD19) and NK cells (CD56); (it) an anti-MHC class II DR antibody conjugated to peridinin chlorophyll protein (PERCP); (iii) an anti-CD4 antibody conjugated to fluorescein isothiocyanate (FITC). Cells were also labelled with appropriate isotype control antibodies (all antibodies supplied by Becton Dickinson except for one isotype control, a PE-labelled Ig2b, supplied by Pharmingen). DC were identified by the absence of labelling for CD3, CD19, CD14 and CD56 and strong labelling for DR.
Morphological analysis of LDC expressing CD4. A second approach was used to look for CD4 expression by DC. LDC were labelled with an anti-CD4 antibody (12-16, supplied by Dr L. Walker, Clinical Research Centre, Harrow, UK) and then incubated with magnetic beads conjugated to a goat anti-mouse Ig reagent (MiniMacs, Miltenvi Biotec). The CD4-positive and -negative LDC were then separated by passing through a MiniMacs separation column. The two fractions were processed for electron microscopy as previously described (Patterson & Knight, 1987) .
In vitro infection with HIV. Preparations of LDC and of highly purified DC were used to investigate the susceptibility of DC to infection by HIV and the effects of anti-CD4 antibodies on infection. Cells (10s-10 s) were infected with approximately 104 TCIDs0 (titrated on C8166 cells) of the IIIB strain of HIV-1 and cultured for 5-7 days. To examine the role of CD4 in the infection of DC by HIV, cells were infected in the presence of 10-20 lag/ml of an anti-CD4 monoclonal antibody (either Leu 3a from Becton Dickinson or Q4120 produced by Dr Q. Sattentau and supplied by the UK MRC AIDS Directed Programme Reagent Repository) that blocks HIV infection via the CD4 pathway. LDC preparations were processed for electron microscopy as previously described (Patterson & Knight, 1987) . Highly purified DC were used in all experiments in which PCR was used to monitor infection. In some PCR experiments unpurified LDC were infected for 5 days with HIV, labelled with a cocktail of PE-labelled antibodies conjugated to CD14, CD19, CD3 and CD56, fixed in 4% paraformaldehyde and the unlabelled DC separated from contaminating labelled cells with a FACSTAR plus cell sorter.
Further experiments were performed to rule out the possibility that only contaminating viral DNA in the input virus was being detected by PCR. Virus inoculum was treated for 10 min at 37 °C with DNase I at 30 U/ml. Highly purified DC were infected with 100 lal of DNase Itreated virus supernatant (4 x 105 TCIDs0/ml ), After 1 h at 37 °C the cells were washed three times. DNA was extracted at this stage and after 5 or 7 days in culture. To improve the survival of cultured DC, granulocyte-macrophage colony stimulating factor (GM-CSF) at a concentration of 100 ng/ml was added to the medium (Markowicz & Engleman, 1990) . Infectivity assays employing C8166 cells were performed on culture supernatants taken after 24 h and at the end of the culture period.
Detection of HIV DNA by PCR. DNA for PCR was prepared by digesting with proteinase K (100 gg/ml) for 2 h at 50 °C in the presence of 0.5% SDS, followed by extraction with phenolchloroform and precipitated with ethanol. Nested PCR as described by Simmonds et al. (1990) using either gag, pol or env primers was performed on serial dilutions of DNA to give an estimate of provirus copy number. Preliminary titrations were on 10-fold dilutions of DNA and subsequently on doubling dilutions. In some experiments, the latter titrations were performed in quadruplicate. First round gag primers were 5' GGTACATCAGGCCATATCACC Y (1214-1234) and 5' ACCGGTCTACATAGTCTC 3' (1669-1686). Second round gag primers were 5" GAGGAAGCTGCAGAATGGG 3" (1407-1425) and 5" GGTCCTTGTCTTATGTCCAGAATGCTG 3 ' (1628-1654 
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3' (4280M302). First round env primers were 5" TCAGGAAGGGGACCCAGAAATT 3" (7317-7336) and 5' GATCCCATAGTGCTTCCTGCTGCT 3' (7795 7818). Second round env primers were 5' GGGGAATTTTTCTACTGTAAT 3' (7361-7381) and 5' CTTCTCCAATTGTCCCTCATA 3' (7645-7665). Nucleotide numbers are taken from the HXB2 HIV sequence. In some experiments the cellular genome copy number was estimated using nested primers for [3-globin, a single haploid copy gene. First round !3-globin primers were 5' GGTTGGCCAATCTACTCCCAGG 3' and 5' GCTCACTCAGTGTGGCAAAG 3". Second round [3-globin primers were 5' ACACAACTGTGTTCACTAGC 3' and 5' CAACTTC-ATCCACGTTCACC 3'.
Results
The percentage of DC in LDC preparations identified by FACS analysis, using the criteria of lack of markers for monocytes, T, B and NK cells and labelling for DR, is usually in the range of 10-20%. This is lower than estimates arrived at by light microscopy. In the prep- 
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aration analysed by FACS in Fig. 1 (a, b, c) , 12"8 % of the cells were not labelled with the PE-antibody cocktail but were labelled for DR. Cells expressing very high levels of DR, indicated by the outlined region in Fig.  1 (b) , and representing 9.2 % of the total LDC population, were selected for analysis of CD4 expression. Fig.  1 (c) shows that 49 % of these cells express a low level of CD4. The analysis in Fig. 1 (b) also shows that a small number (3 %) of cells in the LDC preparation were not labelled with the antibody cocktail or the anti-DR reagent. These 'null' cells do not express CD4 (data not shown). Using a morphological approach to look for evidence of CD4 expression by DC, LDC were examined by electron microscopy before and after separation into CD4-positive and -negative fractions. Cells with dendritic morphology accounted for 29 % (n = 113) of the total population in the unseparated LDC. In the CD4-positive LDC the number of DC increased to 42 % (n = 72), whereas in the negative fraction it was reduced to 10% (n = 116). A cell from the CD4-positive fraction with DC morphology is shown in Fig. 2 .
Veiled DC have a highly distinctive morphology (Drexhage et al., 1979 ) that permits their unequivocal identification. Although these cells are found predominantly in the afferent lymphatics, they are occasionally found in significant numbers in preparations of peripheral blood LDC. In seven out of 12 separate experiments virus replication was observed by electron microscopy in DC. In one of these seven positive cultures DC with the highly distinctive morphology of veiled DC were present and infected with virus (Fig. 3 a) . In this preparation HIV virions were seen budding through cell membranes of the veiled DC and mature virus particles were observed on the cell surface (Fig. 3 b) . Infection of normal blood DC was also apparent in this preparation as in six of the other 11 experiments (Fig. 3 c, d ) in this series, as previously described (Patterson & Knight, 1987) .
Highly purified DC were prepared by panning. This technique removed approximately 98% of the cells labelled with a cocktail of antibodies against T, B, NK and monocytic cells (Fig. 4a, b, c) . These preparations still contain the 'null' cells which are seen in the FACS analysis. When purified DC were infected and analysed by nested PCR a positive signal was obtained after 5 days using five-cell equivalents of DNA (Fig. 5) . In cultures infected in the presence of CD4-blocking antibody the amount of provirus detected was 100-fold lower than in the absence of antibody (Fig. 6) . A nonblocking anti-CD4 monoclonal antibody, 12-16, did not inhibit infection (data not shown). In a slightly different experimental approach DC were purified from LDC after infection and culture. The protocol was to infect (c) LDC cocktail labelling after depletion by panning. It may be observed that the negative gate in this analysis has a higher threshold than that in the CD4 analysis shown in Fig. 1 (c) . This may reflect the fact that an indirect technique, which tends to give slightly higher backgrounds, was used as opposed to the direct labelling technique employed in the previous analysis. In addition, the data shown represent labelling with antibodies of two different isotypes.
L D C with virus in the absence or presence o f CD4-blocking a n t i b o d y and then culture for 7 days. The c o n t a m i n a t i n g monocytes, T, B and N K cells were then labelled with a cocktail of PE-conjugated antibodies and Fig. 6 . Detection of infected DC by nested PCR using pol gene primers on cells purified by panning before infection. DC infected for 5 days in vitro in the absence (lanes 1-4) or presence (lanes 5-8) of 10 pg/ml of an anti-CD4 monoclonal antibody (Q4120). Lanes 1 and 5, 2 and 6, 3 and 7, 4 and 8 represent 2500-, 250-, 25-and 2.5-cell equivalents of DNA, respectively. Lane 9 is a control containing no DNA.
after p a r a f o r m a l d e h y d e fixation the D C were purified by F A C S sorting. Again, H I V provirus was detected in the absence o f a n t i -C D 4 but in the presence o f the a n t i b o d y infection was strongly inhibited (Fig. 7) . In both of these experiments in the absence o f blocking a n t i b o d y the provirus copy n u m b e r exceeded the n u m b e r of cont a m i n a t i n g lymphocytes and monocytes. D C p r e p a r e d in the same l a b o r a t o r y from control uninfected d o n o r s were consistently negative for H I V by P C R .
The above experiments with blocking antibodies suggested that P C R detected new provirus copies and not merely c o n t a m i n a t i n g provirus D N A in the inoculum. However, to rule out this possibility formally, inoculum virus was treated with D N a s e I and samples processed for P C R immediately after the virus adsorption period and after culture. In these later experiments G M -C S provirus detected in these particular experiments may be due to improved survival of DC cultured in the presence of GM-CSF (Markowicz & Engleman, 1990) . Interestingly, high levels of HIV replication in DC observed in other studies were attained by culturing the cells in phytohaemagglutinin-conditioned medium (Langhoff et al., 1991) . PCR (Fig. 8) . HIV DNA was not detected by PCR in DC preparations that were infected and then washed after 1 h. However, after 5 or 7 days in culture more than 5 x 10 ~ HIV DNA copies were detected ( Fig. 9 and Table  1 ). Estimation of the cellular genome copy number by PCR using nested primers for J3-globin indicated that after 7 days the number of HIV provirus copies exceeded the cell genome copy number. Furthermore, infectious virus could not be detected in the culture supernatants after 24 h but was present after 5 or 7 days (Table 1) . The lower titre of infectious virus detected at 7 days may reflect peaking of virus growth at an earlier time or possibly differences in donor cells. The high levels of
Discussion
In a previous study DC were identified by electron microscopy and low level expression of CD4 was detected by immunogold labelling (Patterson et al., 1991b) . DC have now been identified by FACS analysis on the basis of the absence of labelling with antibodies specific for other blood mononuclear cells and the expression of high levels of MHC class II DR antigen. Employing these same criteria Ferbas et al. (1994) have purified DC by FACS sorting and shown by electron microscopy that they are a homogenous population of cells with the morphology of DC. In our laboratory functional analysis of antibody cocktail-negative cells has shown that they stimulate a mixed leukocyte reaction, a property uniquely associated with DC (A. Stagg, personal communication).
The estimation of DC number in LDC preparations by light microscopy was consistently lower than by (Ferbas et al., 1994; O ' D o h e r t y et al., 1993) . Thus, the number and level of C D 4 expression on D C in vivo m a y be significantly higher than that observed here.
The susceptibility o f D C to H I V infection in vitro was
demonstrated by two techniques. Electron microscopy o f semi-purified infected D C cultures showed D C with mature H I V virus particles on their surface. Virus was also observed budding through the cell membrane. This latter observation rules out the possibility that virus was merely adsorbed onto the cell surface. Some o f the infected DC had a veiled morphology characteristic of DC found in the afferent lymph. This highly distinctive morphology allows the cells to be unequivocally identified as belonging to the DC family. Infection of highly purified DC and analysis by PCR showed a greater than 5000-fold increase in the provirus copy number between the start and the end of the culture period. These findings are unlikely to be due to contaminating monocytes or helper T lymphocytes for several reasons. Panning reduced the number of these cells so that they accounted for no more than 2 % of the purified DC preparations. Productive HIV infection of T lymphocytes requires the cells to be exposed to antigens or mitogens that activate the cell and stimulate cell division. Studies in this laboratory have shown that when syngeneic lymphocytes and DC are cultured together for up to 5 days in the absence of such stimuli there is virtually no cell proliferation. Finally, these experiments used a highly lymphotropic strain of HIV-1 that grows very poorly in macrophages (Gartner et al., 1986) . It may still be argued that the PCR results could be accounted for by a small number of contaminating cells with multiple provirus copies. This possibility cannot be totally excluded. However, the supporting evidence of CD4 expression by DC and the electron microscopy data showing HIV budding from DC suggest that the provirus detected by PCR is derived from infected DC rather than from a small number of contaminating cells. In cultures infected for 7 days in the presence of GM-CSF the estimated provirus copy number was greater than the genome copy number suggesting that some cells contained more than one provirus copy. Release of infectious virus in these cultures was also demonstrated. Phenotypic analysis of purified DC prepared by panning, using the same antibodies as used here, indicated that after 7 days culture with GM-CSF there was no increase in total cell number or in contaminating cells (Markowicz & Engleman, 1990 ). However, DC do differentiate into a more mature morphological phenotype that shows an increased number of processes. These observations suggest that it is unlikely that the increased provirus copy number observed is due to expansion of a subpopulation of contaminating cells that are highly susceptible to HIV infection. It is not yet clear whether the improved growth of virus in the presence of GM-CSF reflects better cell viability or the maturation state of the DC. However, our previous work indicates that productive infection is restricted to cells with a more morphologically mature phenotype (Patterson et al., 1991b) .
In contrast to this and other studies (Patterson & Knight, 1987; Patterson et al., 1991 a, b; Langhoff et al., 1991 ; Chehimi et al., 1993) it has been reported that DC are not susceptible to HIV-1 infection (Cameron et al., 1992a, b) . However, Cameron and colleagues do suggest that DC bind free virions and facilitate infection of CD4 lymphocytes during antigen presentation. The latter proposal is supported by our earlier work which showed that a small proportion of T cells became infected after culture with DC exposed to virus. Furthermore these experiments provided evidence that an increasing number of DC also became infected during culture (Macatonia et al., 1989) . The lack of agreement on DC infection may reflect differences in techniques used to isolate DC. Expression of CD2 on populations of DC has been reported (Freudenthal & Steinman, 1990 ) and hence the sheep red blood cell rosetting technique used to deplete LDC of contaminating T cells may inadvertently remove a subpopulation of DC which may be particularly sensitive to infection. A second possible explanation is that the differences are due to variation in the time between removal of blood and infection in vitro since CD4 has been shown to be down-regulated on DC maintained in culture (Ferbas et al., 1994; O'Doherty et al., 1993) .
HIV infection by a CD4-independent pathway has been reported for some cells (Clapham et al., 1989) . In view of the ability of DC to bind and present a huge range of different antigens, it was surprising that a major route of cellular entry by HIV was not via a CD4-independent pathway. The possibility that a minor fraction of virus enters DC via a CD4-independent route cannot be excluded. Indeed, Chehimi et al. (1993) reported that antibody against CD4 did not reduce the infection of DC by HIV. However, this group was unable to detect CD4 on their DC preparations by FACS analysis or to detect mRNA for CD4 by Northern blotting. These differences may reflect the time lag between removal of the blood and infection of DC.
There are a number of reports of HIV infection of skin Langerhans' cells in vivo (Belsito et al., 1984; Braathen et al., 1987; Dreno et al., 1988; Leonard et al., 1989; Rappersberger et al., 1988; Tschachler et al., 1987) . Current work in our laboratory using highly purified preparations of DC confirms that blood DC are also infected in vivo (Patterson et al., 1994) . Susceptibility of DC to infection with HIV in vitro may thus be mirrored by their susceptibility to infection in vivo. Impaired function of DC due to HIV infection may play a role in the development of the immunosuppression that leads to AIDS. Studies in this area should give a better understanding of the pathogenesis of AIDS and could lead to new approaches to therapy.
